Analyses of the United States kidney transplant database regarding long-term outcomes has previously shown minimal improvement in the long-term rate of graft loss despite very marked improvements in both the rate of early rejection and graft loss.^[@bib1],[@bib2]^ In the mid-1990s, there was a large drop in the acute rejection rate with the introduction of mycophenolate mofetil, tacrolimus (TAC) and new induction regimens but little improvement in long-term graft outcomes.^[@bib2],[@bib3]^ The drop in the rejection rate was projected to improve long-term graft outcomes but analysis of actual graft outcomes during that period showed much more modest improvements than projected.^[@bib2],[@bib4]^ A more recent analysis of long-term graft outcomes showed that the majority of improvement in graft survival has been due to improvements in graft survival in the first year after transplant looking at transplant data up to the mid 2000s.^[@bib1]^ Several hypotheses have been proffered to explain this lack of improvement including the long-term nephrotoxicity of calcineurin inhibitors (CNI), the worsening of cardiac risk factors due to immunosuppression side effects, increased risks of malignancy mortality, and the emergence of BK nephropathy with higher intensity immunosuppression. This study sought to understand the trends in outcomes of both living and deceased donor patients transplanted in the last decade (2000-2010). The main outcomes of interest were graft and patient survival after transplant between 6 months and 3 years and glomerular filtration rate (GFR) achieved in the first 6 months after transplant calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD EPI) equation in both these populations of recipients.^[@bib5]^

MATERIALS AND METHODS
=====================

All adult patients transplanted with either a deceased or living donor kidney transplant alone between January 1, 2000, and December 31, 2010, who had at least 6 months of graft survival recorded in the Scientific Registry of Transplant Recipients (SRTR) database were included in the analysis. Characteristics of the patients and donors were ascertained from the database and included the Kidney Donor Profile Index (KDPI) based on the 2013 KDPI categories for deceased donors, donor age, race/ethnicity, sex for living donors, recipient age, race/ethnicity, sex, cause of end-stage renal disease (ESRD), HLA mismatch for deceased donors, HLA identical recipients for living donors defined as sibling donors with a zero HLA mismatch, history of delayed graft function based on the need for dialysis in the first week, acute rejection in the first 6 months, duration of dialysis before transplant, retransplants, pediatric en bloc transplants in deceased donors and panel-reactive antibodies (PRA). Discharge immunosuppression was also determined. The major combinations include cyclosporine (CSA), any formulation, and mycophenolate acid (MPA) derivatives either mycophenolate sodium or mycophenolate mofetil; TAC, any formulation, and MPA; CNI, either TAC or CSA and mammalian target of rapamycin (mTOR) either sirolimus or everolimus; CNI and azathioprine (AZA); or other combinations. Steroid maintenance was also determined separately. Death censored, death with graft function, and overall graft, and patient survival were determined for both living and deceased donor transplants based on the year of transplant using the Kaplan Meier method. Statistical significance was determined with log rank testing. The data set had outcomes up until August 31, 2013 (date of compilation of data set by SRTR). Since the 2010 recipients had only 3 years of follow-up, the graft and patient survival analysis compared the interval for both transplant types between 6 months and 3 years over the decade. For the patient survival analysis, deaths recorded in the Social Security Master Death File (SSMDF) were included. Patients who were lost to follow-up before 3 years but were not on the SSMDF were considered alive as of the last follow-up date on the data set August 31, 2013, to reduce the effect of ascertainment bias associated with using SSMDF information.

To account for the changes in the demographics of patients and donors during this period, Cox proportional analysis was carried out based on a limited set of characteristics that were not the result of changes in allocation, chronic immunosuppression, or induction therapy. For instance, HLA matching in the deceased donor recipients worsened over the decade due to changes in the allocation point system for HLA matching and the abandonment of the zero mismatch program for unsensitized candidates. Therefore, no adjustment was made for these changes. The covariates used in the model included for deceased donors the KDPI of donor, recipient age, race/ethnicity and sex, cause of ESRD, pediatric en bloc transplant, duration of dialysis before transplant and retransplantation. For living donor recipient, just the donor age, race/ethnicity and sex, recipient age, race/ethnicity and sex, cause of ESRD, duration of dialysis before transplant, retransplantation, and HLA identical versus non-HLA identical living donor transplant were included in the model. With the exception of duration of dialysis, there were no missing data. Approximately 2% of non-preemptively transplanted cases lacked a dialysis start date. To account for the missing data multiple imputation method was used in the analysis. Finally, PRA was not considered in the model because a change in the calculation of PRA occurred during the decade and a significant number of candidates had missing data.

To see if graft function at 6 months was improving, all recipients with 6 months of graft survival and a creatinine at 6 months follow-up recorded in the database were ascertained. Approximately 5% of candidates did not have a 6 month creatinine in the data set during the decade. Estimated GFR (eGFR) was determined using the CKD EPI equation using the 6 month posttransplant creatinine, age at transplant, sex and race of the recipient (black or other).^[@bib5]^ Median eGFR was determined based on year of transplant for both living and deceased donor recipients. The median eGFR was also adjusted for the change in KDPI in deceased donors and donor age and sex in living donors over the decade. There is a very linear relationship between KDPI in deceased donors and donor age in living donors and median eGFR. The slopes of these lines as determined by linear regression were used in the adjustment as was sex in living donors since the percent female donors increased over the decade. Because median KDPI and donor age increased during the decade, this was used to account for this change in donor characteristics.

Statistical analysis was performed using SPSS statistical software version 22 (IBM, Armonk, NY). Because the impact of recipient age on long-term graft survival was U-shaped, recipient age was categorically defined by 5-year increments in the Cox analysis to account for this behavior.

This study used data from the SRTR. The SRTR data system includes data on all donor, waitlisted candidates, and transplant recipients in the United States, submitted by the members of the Organ Procurement and Transplantation Network. The Health Resources and Services Administration, US Department of Health and Human Services provides oversight to the activities of the Organ Procurement and Transplantation Network and SRTR contractors.

RESULTS
=======

Between 2000 and 2010, 97 294 adult recipients of deceased donor and 64 483 living donor recipients were identified that were kidney transplant alone recipients. Seven thousand seven hundred ninety-eight deceased donor and 2767 living donor recipient grafts failed or were lost to follow-up in the first 6 months, leaving a study population of 89 496 deceased donor and 61 716 living donor recipients, respectively, for the graft and patient survival analyses. Of these cohorts, 85 215 deceased donor and 58 395 living donor recipients (missing 4.8% and 5.4% of recipients, respectively) had a creatinine at 6 months recorded and were used for the analysis graft function.

The characteristics of the living and deceased donor study populations are shown in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}. The following characteristics of the deceased donor population increased over the decade: KDPI of the donors, recipient age, the percent of minority recipients, recipients with cause of ESRD of diabetes mellitus or hypertension, the median dialysis time, high PRA recipients, and the percentage of candidates with delayed graft function. The percentage of preemptive transplants among deceased donors initially increased but in the latter half of the decade began to decrease. There was very little change in the sex of recipients, number of retransplants, pediatric en bloc transplants, and acute rejection rate in the first 6 months posttransplant. HLA mismatch increased and the number of zero HLA mismatch recipients decreased. The characteristics of the living donor recipients changed less dramatically over the period. There was a small increase in the percentage of female donors, and age of donors and recipients. The percentage of preemptive transplants increased as did the recipients with high PRAs and retransplants. HLA-identical recipients decreased over the decade. The remainder of characteristics was relatively stable over the period.
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Characteristics of deceased donor kidney transplant recipients with at least 6 mo of graft survival
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Characteristics of living donor kidney transplant recipients with at least 6 mo of graft survival
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In both the deceased and living donor recipients the median eGFR at 6 months improved significantly for the populations, an increase of 5.6 and 4.8 mL/min per 1.73 m^2^ for deceased and living donor recipients, respectively, over the decade (Figure [1](#F1){ref-type="fig"}). A downward shift in CKD stage was seen with more recipients achieving a CKD stage of 3a or less in the more recent transplants in both deceased and living donor recipients (Figure [2](#F2){ref-type="fig"}). The improvement in the unadjusted eGFR at 6 months for living donor recipients was steady throughout the decade, whereas it occurred in the latter half of the decade for deceased donor recipients. The unadjusted median eGFR based on KDPI of deceased donors and donor age in living donors comparing the biennium of 2000 to 2001 with 2009 to 2010 showed a 10% improvement in the median eGFR at every level of KDPI in deceased donors and donor age in living donors (Figure [3](#F3){ref-type="fig"}).

![A, Median CKD EPI eGFR at 6 months of deceased donor recipients by year of transplant. *B*, Median CKD EPI eGFR at 6 months post-living donor transplant by year of transplant. The equations for adjusted Median eGFR20XX = Median eGFR20XX + ((Median KDPI2000 − Median KDPI20XX) × slope of the regression line for KDPI and Median eGFR) for deceased donors and the adjusted Median eGFR20XX = Median eGFR20XX + ((Median Donor Age2000 − Median Donor Age20XX) × slope of the regression line for donor age and Median eGFR) + ((Percent Donor Male20XX − Percent Donor Male2000) × regression value for eGFR difference with Male Donor) for living donors.](txd-3-e166-g003){#F1}

![Unadjusted distribution of CKD stage at 6 months in the Biennium of 2000--2001 and 2009--2010. A, Deceased donor recipients. B, Living donor recipients.](txd-3-e166-g004){#F2}

![Unadjusted median eGFR at 6 months based on KDPI in deceased donors and donor age in living donors based on 2 bienniums 2000 to 2001 and 2009 to 2010 with the regression line for each era. A, Deceased donors. B, Living donors.](txd-3-e166-g005){#F3}

The Kaplan Meier plots of graft survival are seen in Figure [4](#F4){ref-type="fig"}. In the latter half of the decade both living and deceased donor kidney transplant recipients saw a highly significant improvement in unadjusted graft survival. In the deceased donor population this was seen despite increasing donor KDPI and recipient age. Cox regression adjusting confirmed about a 33% reduction in the graft loss rate (Tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}). The overall improvement in graft survival was due to improvements in both the death censored graft survival and graft failure due to death in both living and deceased donor recipients (Tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}). Cox analysis also showed the patient survival for both living and deceased donor transplant recipients improved during the decade (Tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}).

![Kaplan-Meier unadjusted graft survival by year of transplant for living and deceased donor kidney transplant recipients. A, Deceased donor recipients. B, Living donor recipients. A, Log rank testing revealed a *P* value of 0.006 for 2005 compared with 2000. 2006 onward the *P* value was less than 0.001. Before 2005, *P* values were greater than 0.05. B, Log rank testing revealed a *P* value of 0.019 for 2004 and 0.002 for 2005 compared with 2000. 2006 onward, the *P* value was less than 0.001. Before 2004, *P* values were greater than 0.05.](txd-3-e166-g006){#F4}
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Cox analysis of graft, death censored graft, death with function graft, and patient survival for deceased donor recipients from 6 mo to 3 y
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Cox analysis of graft, death-censored graft, death with function graft, and patient survival for living donor recipients from 6 mo to 3 y
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The discharge immunosuppression over the period for both the living and deceased donor cohorts showed a consolidation of discharge immunosuppression from a variety of combinations in 2000 to over 85% of recipients receiving TAC and MPA derivatives in 2010 (Figure [5](#F5){ref-type="fig"}). Switching of immunosuppression between discharge and 6 months follow-up revealed that TAC and MPA derivative treated recipients were the most likely to remain on their discharge immunosuppression at 6 months (**Table S1 and S2, SDC,** <http://links.lww.com/TXD/A41>).

![Discharge immunosuppression of recipients with 6 months of graft survival. A, Deceased donor recipients. B, Living donor recipients. CNI, either CSA or tacrolimus; mTOR, either sirolimus or everolimus, CSA, any formulation; TAC, any formulation); and MPA, either mycophenolate mofetil or mycophenolate sodium.](txd-3-e166-g009){#F5}

Because of the potential drift of creatinine measures over time, the adjusted eGFR of the three most prevalent immunosuppression types was compared by year of transplant. (**Figure S1, SDC,** <http://links.lww.com/TXD/A41>). This confirmed that for every year tested TAC and MPA derivative treated patients achieved a higher eGFR at 6 months than the other combinations. Linear regression analysis of both living and deceased donor recipients revealed that TAC and MPA derivative treated patients achieved on average a 5-mL/min per 1.73 m^2^ improvement in eGFR than the next most prevalent combination of CSA and MPA derivative treated patients (**Table S3 and S4, SDC,** <http://links.lww.com/TXD/A41>).

DISCUSSION
==========

This analysis shows that in the latter half of last decade unadjusted graft survivals between 6 months and 3 years for adult kidney transplant recipients improved. This improvement occurred despite worsening demographics of donors and recipients with regard to risk of graft failure. The adjusted graft survival improved with a reduction in graft failure of about 33% for both living and deceased donor recipients. Associated with this improvement in graft outcomes was an improvement in eGFR at 6 months over the decade of about 8% to 10% with higher percentage of recipients achieving CKD stage 3a or lower despite increasing donor KDPI in deceased donors and donor age in living donors. This improvement in both eGFR and graft survival occurred in temporal association with a consolidation of immunosuppressive practices in the United States to predominantly TAC and MPA for discharge immunosuppression.

There are a number of weaknesses with the study. First, in the latter half to the last decade efforts in laboratory medicine were undertaken to improve the standardization of creatinine measures across laboratories in the United States to improve the accuracy of eGFR determinations which may have impacted eGFR calculations in this study. Small decreases in the creatinine measure, especially at lower creatinine levels, lead to significant increases in the eGFR. The call for recalibration of serum creatinine in the United States began in 2006 with the publication of a consensus document and probably lagged several years behind this publication.^[@bib6]^ By 2011, almost all of the vendors of automated analytic machines added correction factors to improve accuracy, but it is not known what percentage of laboratories in the United States incorporated these correction factors in their creatinine measures.^[@bib7]^ The overall effect on creatinine in laboratories that have recalibrated their assays showed a downward trend creatinine measures.^[@bib7]^ This analysis indicates that at least half of the improvement in eGFR was due to changes in maintenance immunosuppression; however, some of the apparent improvement could be due to changes in the calibration of creatinine measures in the latter half of the decade.

There are a number are limitations to creatinine based estimates of GFR. In the studies of GFR estimation equations in kidney transplantation, the CKD EPI equation in general performed the best but the level of precision remains less than optimal between the equations and measured GFR.^[@bib8]-[@bib10]^ That being said, the errors introduced by the use of the CKD EPI equation are systematic and should affect all groups equally and not change the conclusions of the study.

Second, our data only compared the outcomes from 6 months to 3 years. This improvement in intermediate- graft outcomes may not be sustained and the projected half-lives may be overestimated. Graft survival based on recipient age is very linear between 6 months and 7 years but whether this trend is sustained beyond that or drops off over time is not clear. Therefore, projections of graft survival half-lives are just projections and may not be realized as these cohorts are followed in real time. Previous projections of graft survival in earlier studies proved to be overestimated.^[@bib2],[@bib4]^

A third issue that could confound the results is the 2009 and 2010 cohorts of patients have higher rates of censoring of data between 6 months and 3 years. With longer follow-up of these cohorts, ascertainment of the censored cases will improve. If the censored cases have a higher rate of graft failure than in the cases with data that may influence this apparent improvement. On the other hand, data from 2008, which has the same percentage of censoring as earlier years, demonstrated the same amount of improvement as seen in 2009 and 2010, and ascertainment bias typically favors events (ie, graft losses and deaths are more likely to be known than continued graft and patient survivals).

Finally, we assessed only discharge immunosuppression, and many patients do change immunosuppression due to side effects and lack of efficacy. This study did not assess the amount of switching of immunosuppression regimens over time so conclusions regarding the long-term efficacy of one immunosuppressive regimen over another must be interpreted in that light. In an earlier study of longitudinal immunosuppression use in the US population, switching immunosuppression was common but it was more common to switch from CSA or mTOR inhibitor to TAC during that era than the reverse, and patients treated with TAC and MPA derivatives were the most likely to remain on their discharge regimen over time.^[@bib11]^ This was true for this study as well.

If this improvement in both graft function and survival is correct, than it does indicate that our current standard of care for renal transplant recipients is improving intermediate outcomes. The most dramatic measured change in care of renal transplant recipients has been the consolidation of immunosuppression to TAC and MPA immunosuppression from a variety of other combinations. How the change in immunosuppression use may have resulted in this improvement is likely multifactorial in etiology, not necessarily directly related to immunosuppression, and cannot be directly answered by this analysis. There are a number of possibilities including the impact of improved GFR on both long-term patient and graft survival, better immunosuppression afforded with TAC and MPA combination, possible differences in nephrotoxicity of TAC and CSA, less impact of TAC and MPA on cardiovascular risk factors, the abandonment over the decade of the mTOR and CNI combination, pharmacokinetic and dosing differences between TAC and CSA, better overall care of recipients after transplant irrespective of immunosuppression, and better management of BK and CMV infections over time.

Numerous studies in kidney transplantation have shown that early achieved GFR is an important determinant in graft and patient survival.^[@bib12]-[@bib15]^ The shift downward in CKD stage at 6 months after transplant is likely one factor improving graft and patient outcomes seen in the last decade.

TAC and MPA combination may better control immune mediated graft injury. The Symphony trial clearly showed that the rejection rate was lowest and renal function achieved in the population was best in the TAC and MPA derivative arm.^[@bib16],[@bib17]^ There is also evidence from other studies that TAC- and MPA-treated recipients have much lower rates of more subtle graft inflammation due to subclinical rejection, a risk factor for poorer long-term graft survival, than CSA and MPA derivative-treated patients.^[@bib18]-[@bib22]^

The presumption that nephrotoxicity of TAC and CSA are similar may not be true. Consistent with our findings regarding graft function, a paired analysis of deceased donors with discordant treatment of the recipients with microemulsion CSA and MPA and TAC and MPA showed that at all time points the renal function was better in the latter group.^[@bib23]^ Other side effects, although similar among CNIs, do vary in prevalence and intensity depending on the agent used, and this could be true for nephrotoxicity as well. Differences in pharmacokinetics of CSA and TAC may also be a factor. TAC has less intraindividual variability than CSA, and for drugs with narrow therapeutic windows this potentially limits episodes of under and overimmunosuppression that can lead to either immunologic damage to the graft or enhance nephrotoxicity, respectively, leading to graft injury.^[@bib24]^

Between the mid 1990s and the early 2000s, United States registry data showed a significant amount of experimentation with immunosuppression combinations by centers.^[@bib25]^ During the decade evidence emerged that the CNI and mTOR combination had poorer graft outcomes, and clinical trials have shown the CNI dosing must be reduced with mTOR inhibitors if similar graft function is to be achieved as standard dose CNI- and MPA-treated candidates.^[@bib26]-[@bib30]^ The abandonment of this combination as a major treatment option could be contributing to the improve graft function and graft outcomes achieved in the latter half of the decade.

Another factor may be the superior cardiovascular risk profile and lower blood pressures seen in TAC and MPA derivative--treated patients. The analysis of the Symphony trial data reveal that blood pressure and lipid levels were lowest in the TAC and MPA derivative--treated arm, whereas the absolute incidence of posttransplant diabetes mellitus was only slightly higher in TAC arm and use of hypoglycemic agents were similar in all 4 arms.^[@bib31]^

Another insight from the Symphony trial was the recognition that lower target levels for TAC dosing resulted in a very low rejection rate with excellent 1- and 3-year graft outcomes.^[@bib16],[@bib17]^ The recognition probably has led to reductions in TAC dosing targets that may have decreased long-term nephrotoxicity and possibly improve long-term outcomes. A Symphony study analysis showed that a dose-dependent relationship between renal function and TAC trough levels existed.^[@bib32],[@bib33]^

Another possibility is that the overall care of kidney transplant recipients is improving. Greater attention to cardiovascular risk management and blood pressure control may have contributed to the improvement. In the general population of the United States, the age-adjusted risk of death from cardiovascular disease fell and ambulatory blood pressure control has improved throughout the last decade.^[@bib34]-[@bib36]^

Finally, advances in the management and treatment of BK and CMV infections over the decade may be an important factor in the improvement. The TAC and MPA combination is a very potent immunosuppressive regimen, and the transition to this combination is an important cause of the emergence of BK nephropathy as a significant cause of graft loss.^[@bib37]^ The problem of BK has been mitigated in part by recognition that monitoring for infection and lowering immunosuppression to prevent or treat BK nephropathy lowers the risk of graft damage and failure.^[@bib38]-[@bib41]^ Similarly, CMV infection has been associated with poorer graft outcomes, acute rejection, and the development of chronic graft damage.^[@bib42]^ In 2003, the Food and Drug Administration approved oral valganciclovir for prophylaxis of CMV infections in transplantation. The widespread availability of oral valganciclovir for prevention of CMV infection has reduced serious symptomatic infection and possibly reduced injury to grafts. Although recent analysis of the United States registry data indicates a persistent impact of donor and recipient CMV mismatching on graft survival, analysis of in the United Kingdom showed no impact of CMV mismatching on long-term outcomes in the era of valganciclovir.^[@bib43],[@bib44]^

Most kidney transplant recipients in the United States are now discharged on the TAC and MPA combination. Clearly, this is in part driven by the ease of use and favorable side effect profile of this combination, but it also reflects a perception by the transplant community that this combination is better than other available combinations. The last time 1 combination of immunosuppression had this large a market share of the kidney transplant population in the United States was in the early 1990s before the emergence of second generation immunosuppressive agents when CSA and azathioprine was the dominant and only combination available. With the exception of belatacept, there are no new classes of chronic immunosuppression on the immediate horizon. As more experience with TAC and MPA combination has accrued and some of the problems associated with higher intensity immunosuppression have been addressed it appears that graft outcomes improved. Belatacept, which has no nephrotoxicity, may prove to be a better long-term drug for patients that are amenable to this treatment.^[@bib45]^ Unfortunately, the belatacept trials used CSA and MPA for the comparison arm, and our data clearly shows that TAC- and MPA-treated patients have about 10% higher GFRs at 6 months. As a result, the benefits of belatacept over the current standard of care may be more difficult to prove because the differences in GFR will likely be smaller.

TAC remains the most potent CNI and the most potent current chronic immunosuppressive agent to prevent early cellular rejection in kidney transplant populations. CNI-free combinations using mTOR inhibitors and MPA derivatives and belatacept and MPA derivatives are associated with higher early rejection rates.^[@bib16],[@bib46],[@bib47]^ Very few studies have examined the effect of these agents on rates of subclinical inflammation in the graft, and comparative studies looking at differences in control of the humoral response are only available for belatacept compared to CSA. Graft survival is dependent on control of the innate, humoral, and cellular immune response to the allograft as well as the consequences of drug nephrotoxicity and side effects that impact mortality risk. The use of less potent nonnephrotoxic agents may avoid nephrotoxicity but at the expense of poorer control of the immune response and not result in improved long-term graft outcomes in a population. The long-term outcomes of the Benefit-Ext trial may be an example of this problem.^[@bib48]^ Despite a very large difference in GFR between the belatacept and CSA treated groups, no difference in graft survival was seen in this study after 7 years. Similarly, the DeKAF study showed that recipients with chronic graft injury deemed primarily due to CNI toxicity actually had better long-term outcomes than other causes of chronic graft injury suggesting that inadequate immunosuppression may be more pernicious to the graft than pure nephrotoxicity.^[@bib49]^ The data from this study indicate that widespread adoption of TAC and MPA combination by most transplant recipients in the last decade was temporally associated with a measurable improvement in intermediate patient and graft outcomes in adult patients transplanted in the United States despite the use of poorer quality grafts in deceased donors and an aging of the population receiving transplants. Despite TAC and MPAs short comings, until there is clear evidence that other combinations outperform TAC and MPA, this combination should remain the standard of care in renal transplantation and should be the standard to which we compare any new immunosuppressive regimens.
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